This paper presents the concept in details and discusses its applicability to the Kepler light curves. In coming papers we present analyses of all KOIs and Kepler eclipsing binaries, following the formalism developed here.
Introduction
Formation and evolutionary processes of stellar and planetary systems are expected to leave their imprint on the present-day systems. One such imprint is the stellar obliquity, the angle between the stellar spin axis and the orbital angular momentum axis, also referred to as the spin-orbit angle. For star-planet systems the measurement of this angle is a matter of intense study in recent years (e.g., Triaud et al. 2010; Moutou et al. 2011; Winn et al. 2011; Albrecht et al. 2012) , primarily for hot Jupiters -gas-giant planets at short-period orbits.
Some of the systems were found to be aligned, in a prograde orbit with spin-orbit angle close to zero, while others were found to be misaligned, including systems in retrograde motion where the spin-orbit angle is close to 180
• (e.g., Hébrard et al. 2011; Winn et al. 2011 ).
The growing sample and the wide range of spin-orbit angles measured for hot Jupiters can be used for studying their orbital evolutionary history. For example, Winn et al. (2010) have noticed that hot stars, with an effective temperature above 6,250 K, tend to have a wide obliquity range, while cool stars tend to have low obliquities, mostly consistent with well aligned orbits. This was confirmed by a study of a larger sample by Albrecht et al. (2012) and is consistent with the results of Schlaufman (2010) and Hansen (2012) who used different approaches. Those authors suggested that some mechanisms can cause the planetary orbit to attain large obliquity (e.g., Fabrycky & Tremaine 2007; Naoz et al. 2011; Batygin 2012) . Then, tidal interaction with the host star (e.g., Winn et al. 2010) or magnetic braking (e.g., Dawson 2014) act to realign the orbit. Since these processes are probably inefficient for hot stars, those systems might still retain their wide obliquity range.
So far spin-orbit alignment has been studied primarily through the Rossiter-McLaughlin (RM) effect (Holt 1893; Schlesinger 1910; Rossiter 1924; McLaughlin 1924) , originally suggested for stellar eclipsing binaries, and observed by monitoring the anomalous radial-velocity signal during eclipse, as the eclipsing star moves across the disc of the eclipsed star. The RM effect is sensitive to the sky-projected component of the spin-orbit angle, and was successfully measured for many transiting planet systems (e.g., Queloz et al. 2000; Winn et al. 2006; Triaud et al. 2010) , transiting brown dwarfs and low-mass star systems (Triaud et al. 2013) , and stellar binaries (Albrecht et al. 2007 (Albrecht et al. , 2009 (Albrecht et al. , 2011 (Albrecht et al. , 2014 .
The line-of-sight component of the spin-orbit angle can be measured using asteroseismology (Gizon & Solanki 2003; Chaplin et al. 2013) , or the observed stellar rotational broadening, if the host star radius and rotation period are known with sufficient precision (Hirano et al. 2012 , 2014 , see also Schlaufman 2010 . However, these two methods require obtaining new data for each target, using valuable resources (e.g., large telescopes
or Kepler short-cadence data).
Other methods have been presented, based on stellar gravitational darkening (Barnes 2009; Szabo et al. 2011; Barnes et al. 2011) , and the beaming effect (Photometric RM - Shporer et al. 2012; Groot 2012 ).
An interesting approach was taken by Nutzman et al. (2011) and , who use the brief photometric signals during transit induced by the transiting object moving across spots located on the surface of the host object. This method requires identification of the 'spot-crossing' event within an individual transit, and has since been applied to additional systems using space-based data Désert et al. 2011; Deming et al. 2011; Sanchis-Ojeda et al. 2012 .
Identification of a spot-crossing event within a transit requires relatively high-speed photometry. The previous studies that applied this approach have indeed used high cadence
Kepler and CoRoT data. We present here another version of this approach that does not require such high-speed photometry. Instead, we use the fact that a spot-crossing event can induce measurable transit time variation (TTV; e.g., Fabrycky et al. 2012; Mazeh et al. 2013; Szabó et al. 2013; Oshagh et al. 2013) (Batalha et al. 2013) , and a forthcoming paper will present our analysis of the Kepler eclipsing stellar binaries (Slawson et al. 2011) .
Section 2 outlines the basics of our approach and Section 3 derives approximate quantitative expressions of the photometric slope and the induced TTV for a simplified model of one round spot. Section 4 discusses the severe limitations of the model and its possible applicability.
The principle of the approach
Active stars show photometric modulations resulting from the combination of stellar rotation and the non-uniform longitudinal spots distribution (e.g., Irwin et al. 2009; Hartman et al. 2011; McQuillan, Mazeh & Aigrain 2014) . When such a star shows transits by an orbiting planet, the transiting object might momentarily eclipse a stellar spot, inducing an increase in observed flux, if the surface brightness of the spot-covered area is lower than that of the non-spotted areas.
As discussed above, several authors showed that if such an event is temporally resolved, a careful study of the light curve shape can reveal the sky-projected angle between the spin axis of the host star and the system's orbital angular momentum axis. We use here a different approach, which, in principle, can be applied to light curves with lower temporal resolution, for which the spot-crossing event cannot be resolved. The approach is based on the hypothesis that even in such cases, the distortion of the light curve by spot-crossing events induces a measurable shift of the derived timing of that transit (see Oshagh et al. (2013) for a detailed discussion). We use the time shift of the transit as a proxy to the phase of the spot-crossing event within the transit. Further, we use the slope of the out-of-transit light curve from immediately before and after the transit as a proxy to the phase of the transit within the stellar rotation.
The two parameters we use here have substantial poorer precision than the two used by the more detailed approach of Sanchis-Ojeda et al. (2012) . Therefore we only expect to clearly identify two extreme scenarios -an aligned system, where the host star is rotating in a prograde motion, and a misaligned system where the host star is rotating in a retrograde motion. As described in more details below, these two modes can be identified by measuring a significant correlation between the two parameters, positive correlation for the retrograde scenario and negative correlation for the prograde scenario.
To present the concept behind our method in a more quantitative way, Figure 1 shows a simplified schematic diagram of a transit light curve with a single spot-crossing event,
neglecting the transit ingress and egress finite duration and the limb-darkening effect.
In the figure, δ tr and δ sc are the depth of the transit and the amplitude of the photometric increase inside the transit due to the spot-crossing event, respectively, ∆ tr and ∆ sc are the duration of the transit and the spot-crossing event, respectively, and t sc is the timing of the spot-crossing event relative to mid-transit time.
From the figure one can see, using "center of light" formulation, that we expect the TTV induced by the spot-crossing event to be:
This result is similar to Sanchis-Ojeda et al. (2011, their equation 3) after neglecting δ sc ∆ sc in the denominator. We will adopt this approximation below.
Let us assume, again for the sake of simplicity of the discussion, that we have only one spot on the stellar disc and that the stellar rotation and orbital axes are parallel to each other. This includes both prograde (complete alignment, with obliquity of 0 • ) and retrograde (misalignment of 180 • ) configurations. As can be concluded from Figure 1 , the sign of the induced time shift depends on whether the spot-crossing event occurs in the first or second half of the transit, which is determined by the location of the spot on the stellar disc at the time of transit. As the transit duration is much shorter than the stellar rotation period, we can approximate the location of the spot as being constant throughout the transit.
The location of the spot over the stellar disc determines whether the star is becoming 
brighter or dimmer at the time of transit. When the spot is moving towards (away from) the center of the disc the stellar intensity is decreasing (increasing), because of the aspect effect, which changes the effective area of the spot on the stellar visible disc -the projected area of the spot onto the plane perpendicular to our line of sight. Therefore, when the spot is on the disc edge its effective area is minimal. On the other hand, the effective area reaches its maximum when the spot is at its closest position to the center of the visible disc, when the stellar surface is (almost) perpendicular to our line of sight. Another phenomenon, which also causes the star to become fainter when the spot moves towards the center of the disc is the limb-darkening effect, which is ignored at this point of the discussion. Now, when the stellar rotation and planetary motion have the same sense of rotation, the spot-crossing event in the first (second) half of the transit should always occur when the spot is moving towards (away from) the center of the disc. Therefore the signs of the induced TTV and the slope of the stellar brightness at the time of transit should be opposite. This is depicted in Figure 2 for prograde motion. For retrograde motion, positive TTV should be associated with positive slope, as depicted in Figure 3 .
3. An approximation for the induced TTV and the stellar photometric modulation 3.1. The TTV induced by the spot-crossing event
To derive an approximation for the induced TTV and the photometric variation we assume that at the time of each transit there is only one circular spot on the stellar disc.
We consider first a simple case, for which
• the impact parameter of the spot and the planet are both equal to zero, namely that they both cross the center of the stellar disc, and halves of the transit. The top panels display the stellar visible disc (yellow), the planet (black, small) and the spot (gray, large). The arrows represent the direction and speed of the planet and spot relative to the observed stellar disc. The middle panels show the light curve due to the spot passage over the stellar disc, spanning half a stellar rotation period.
In the middle panels we also see the transits, occurring at phase 0.13 (left) and 0.37 (right) of the stellar rotation. The bottom panels show the light curves again, now zooming on the transits, where the small bumps are caused by the spot-crossing events. We consider only a single spot, so the flux is equal to unity when the spot is on the stellar hemisphere hidden from the observer's view. Left (right) -the spot is at the first (second) half of its crossing over the stellar disc, and therefore the local photometric slope is negative (positive). The planet is at the first (second) half of the transit and therefore the derived transit timing shift (while the spot-crossing is unresolved) is positive (negative). • there is no limb darkening.
We lessen these two assumptions in Sections 3.3 and 3.4 below.
We denote the location of the spot on the stellar disc by the angle ψ, which is the angle between the observer and the spot, as seen from the stellar center. If the motion of the spot is equatorial, then ψ is the longitude of the spot on the stellar visible hemisphere:
where ω * is the stellar angular velocity. When the spot is on the stellar limb entering the visible hemisphere, ψ gets the value of −π/2, and when the location of the spot is in the middle of its visible cord ψ = 0.
We denote the angle corresponding to the spot crossing by ψ sc . The projected distance of the spot on the stellar disc from to the center, as seen by the observer, is d sc = R * sin ψ sc , where R * is the stellar radius. The timing of the spot-crossing event, measured relative to the middle of the transit, is
In order to estimate the induced TTV, let us consider two extreme cases: a small spot, for which
and a large spot, for which
where R pl and R spot are the radii of the planet and the spot, respectively.
For both cases we introduce a darkness parameter, 0 < α < 1, which measures the surface brightness of the spot relative to the surface brightness of the star immediately outside the spot. A completely dark spot would have α = 0, while α close to unity means the spot is almost as bright as the unspotted stellar area.
For the small-spot approximation we can assume that the spot is completely covered by the planet during the spot-crossing event and therefore Small spot :
As noted above, the factor cos ψ sc comes from the fact that the effective area of the spot is reduced by the aspect ratio, which is a function of the spot position on the visible stellar disc.
For the large-spot approximation the planet is fully contained in the spotted area during the spot-crossing event, and therefore we get Large spot :
Here the factor cos ψ sc comes from the fact that the time to cross the spot by the relatively small planet is reduced by the same aspect ratio.
We now approximate the TTV to be
and the transit depth δ tr to be on the order of (R pl /R * ) 2 . We therefore get for the small-spot approximation Small spot :
and for the large-spot approximation Large spot :
Note that when R spot → R pl Equation 9 → Equation 10. To ease the discussion we define R as:
for small spot Rspot R * for large spot .
Using Equation 3 we get:
which is valid both for the small-and large-spot approximations. The maximum observed TTV induced by the spot crossing is
The correlation between T T V sc and the stellar modulation
To relate the observed TTV to the stellar photometry we approximate the stellar modulation induced by the spot by
where A is the observed semi amplitude of the photometric modulation. This is so because the spot area on the stellar disc is reduced by the aspect ratio cos ψ. The derivative of the stellar photometric brightness is thereforė
We use the expression derived above in Equations 12 and 15 to relate the observed induced TTV and the local photometric derivative:
In our notation cos ψ sc is always positive, and hence our simple model indeed predicts that the photometric slope and the TTV induced by spot crossing have opposite signs.
Finally, we wish to express the amplitude of the observed stellar photometric modulation as a function of the spot radius and darkness. To do that we introduce another parameter, 0 < β < 1, which accounts for the possibility that the spot crossed by the planet might not be the only spot that contributes to the stellar modulation with the observed phase. Therefore, β measures the ratio of the area of the spot being crossed by the planet to the total neighboring spotted area that causes the photometric modulation with the same phase. The total stellar modulation due to the spots, relative to the averaged stellar brightness, is
We then define a new ratio R as:
for small spot R * Rspot for large spot (18) and get:
Except for the cos ψ sc term, there is a linear relation between the induced TTV sc of each transit and the corresponding local photometric slope. For prograde motion, ω * is positive and therefore the linear relation has a negative coefficient. For retrograde motion ω * is negative and the therefore the coefficient is positive. This is presented graphically in Figure 4 for prograde motion, showing a linear relation for most of the local slope range.
Equation 19 is the TTV sc estimate for our simplistic model, which we refer to hereafter as the "basic model". In the following two subsections we explore two extensions of this model, where we ease in turn the two assumptions -we consider a stellar disc with limb darkening and the non vanishing impact parameter.
Accounting for limb darkening
To include the stellar limb darkening effect in our model, we consider a linear limb-darkening law of S = 1 − g(1 − cos ψ), where S is the scaled stellar surface brightness and g < 1 is the linear limb-darkening coefficient. The brightness of the spotted star takes now the form
determined by the aspect ratio and the limb darkening at the spot's location. Therefore, the photometric derivative is:
The induced TTV is proportional to δ sc , the increase of the stellar brightness during the spot crossing, which depends linearly on the stellar surface brightness S, which is now a function of ψ. Therefore we get
and therefore there is no simple relation between the photometric slope and the induced TTV. and 22, as long as g < 1. Furthermore, Figure 4 shows that here again for most cases the TTVs depend linearly on the photometric local slope, with negative coefficient for prograde motion.
Accounting for non-equatorial transit
Another extension of our simplistic model accounts for a non-zero impact parameter, b = cos θ. In our simplistic model both planet and spot have still the same impact
parameter. In such a case the angle ψ is cos ψ = sin θ cos φ ,
where now φ = ω * t is the longitude of the stellar spot. The stellar photometry still is F * (t) ≃ 1 − A cos ψ(t), but now the range of ψ is different: π/2 − θ ≤ |ψ| ≤ π/2. The stellar photometry derivative is thenḞ
and the time of the spot crossing in now
We now divide the discussion into small and large spot approximations.
Small spot
The duration of the spot-crossing event, ∆ sc , is still the same as for b = 0, but the transit duration is shorter by a factor of sin θ. The flux increase depends on cos ψ, as for b = 0. We can therefore write
Combining these expressions we get
Small spot :
Large spot
The duration of the spot-crossing event, ∆ sc , is now different, as the planet is crossing a spot which forms an ellipse on the stellar disc, whose axes are R spot and R spot cos ψ. One can
show that the length of the planet's path on the spotted area is R spot cos 2 θ + sin 2 θ cos 2 φ sc .
We therefore get Large spot :
and thus
Large spot :
We can see that in both cases the correlation is weaker than in the basic model (Equation 19 ), and there is also a difference between large and small planet cases, unlike in the basic model. Both cases are plotted in Figure 4 for the prograde motion. The general trend is still valid here -a linear negative trend for most cases.
Note that the approximation of the large spot is not valid for |φ| ≃ π/2, where the projected area of the spot is small. Hence, we inserted into the calculation of the large-spot case a correction factor that turns it to be similar to the small-spot expression.
Discussion
We presented here a simple method that can, in principle, use the derived TTVs of a planet to distinguish between a prograde and a retrograde planetary motion with respect to the stellar rotation, assuming the TTVs are induced by spot-crossing events. Using a simplistic model we showed that those TTVs depend linearly on the local photometric slopes at the transit timings for most cases. The coefficient of this dependence is negative (positive) for prograde (retrograde) motion.
The expected amplitude of the TTV can be estimated by Equations 11 and 13. For example, a system with R spot ≃ R pl ≃ 0.1R * , (1 − α)/4 ≃ 0.1 and transit duration of ≃ 100 min should show an induced TTV on the order of 1 min. So, we can expect to observe the (anti) correlation between the TTVs and the photometric slopes only for systems with high enough signal-to-noise ratio that allows timing precision of the order of 1 min or better.
Obviously, the approximations presented here are quite simplistic. First, spotted stars probably have more than one spot. The spot eclipsed by the planet might not be the one dominating the stellar flux modulation, and hence the local photometric slope at the time of transit might be very different from the expressions we developed here. Second, the obliquity can be very different from 0 • or 180
• . This will decrease or eliminate the correlation between the TTV and the corresponding local slope. Third, The system might have additional planets that induce dynamical TTVs, completely shadowing the TTVs caused by spot crossing events.
Nevertheless, the correlation studied here might be solid enough to show for some KOIs a linear trend between the TTVs and the corresponding local slopes. Although our method cannot give an accurate spin-orbit angle, but can instead indicate only the sign of the orientation of the planetary motion, the method might be useful nevertheless, as it uses Kepler long cadence data that is publicly available for all transiting planets. In an accompanying paper (Holczer et al., in preparation) we search for correlations between the available TTVs and the corresponding local photometric slopes at the time of transits for all Kepler KOIs, and indeed find five convincing cases with significant correlations.
The approach described here can in principle be applied to any eclipsing system, whether it is a star-planet system or a stellar binary. For a binary system, the induced observed minus calculated (O-C) eclipse timings can be estimated with the small-spot approximation, for which the planetary radius is that of the secondary. We therefore expect the TTVs to be on the same order of magnitude as for transiting planets. For R spot ≃ 0.1R * ,
(1 − α)/4 ≃ 0.1 and eclipse duration of ≃ 100 min, the O-C should be on the order of 1 min. However, as the eclipse is usually deeper than the planetary transits, we expect the O-Cs in eclipsing binaries to be more precise.
In fact, a negative correlation between the O-Cs and the local photometric slopes was identified already for the stellar eclipsing binary in the Kepler-47 circumbinary planet system (Orosz et al. 2012) . The authors detected O-C on the order of 1 min in the timing of the primary eclipse, and used the derived linear trend to correct the eclipse timings. The detection of a negative correlation for Kepler-47 is consistent with a more detailed analysis of the spot-crossing events, also done by Orosz et al. (2012) , which indicates a prograde motion.
The method presented here can also be applied to a large sample of systems monitored by current and future space missions, like K2 (Howell et al. 2014) , TESS (Ricker et al. 
